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for Materials Science and Technology, Empa, Du¨bendorf, SwitzerlandABSTRACT Cells are coated with a glycocalyx—a layer of carbohydrate-containing biomolecules, such as glycoproteins.
Although the structure and orientation of the cell-surface glycans are frequently regarded as being random, we have found, using
a-1-acid glycoprotein and antitrypsin as model systems for surface glycans, that this is not the case. A glycoprotein monolayer
was adsorbed onto hydrophilic and hydrophobic substrates. Surface-force measurements revealed that the orientation of the
glycans with respect to the aqueous solution has a profound effect on the structure of vicinal water. The glycan antennae of
the surface-adsorbed glycoproteins apparently impose an ordering on the water, resulting in a strong repulsive force over
some tens of nanometers with superposed film-thickness transitions ranging fromz0.7 to 1.8 nm. When the glycan orientation
is modified by chemical means, this long-range repulsion disappears. These results may provide an explanation as to why the
multiantennary structure is ubiquitous in glycoproteins. Although direct, specific interactions between glycans and other biomol-
ecules are essential for their functionality, these results indicate that glycans’ long-range structuring of water may also influence
their ability to interact with biomolecules in their vicinity.INTRODUCTIONGlycans, the carbohydrate moieties of glycoproteins, play
an important role in many different biological functions
(1), including the transmission of signals through the cell
membrane (2). Parhi et al. (3) proposed that the structuring
of water controls the adsorption of cells onto biomaterials. It
is well accepted that water is not a continuum fluid without
structure: water molecules form a well-defined hydrogen
(H)-bonding network, and water properties in the proximity
of a surface differ substantially from those in bulk solution.
Nevertheless, significant unresolved questions remain as to
how far from the surface this perturbation extends into the
bulk solution, how it is affected by the surface chemistry,
and how vicinal water properties influence interactions
between biomolecules.
In this work, we studied the structuring effect of glycans
on vicinal water by means of the surface forces apparatus
(SFA), focusing on the acute-phase proteins a-1-acid glyco-
protein (AGP) (4) and a-1-antitrypsin (A1AT) (5). We
selected them as model systems for cell-surface glycans
because they are complex type glycans similar to some of
the glycoproteins found on cell membranes (6–8). In
addition, their molecular structures are very well character-
ized and their chemical structures have been fully analyzed
(4,5,9–13). AGP consists of five N-linked glycans,
mainly tetraantennary, attached to a peptide chain with
183 amino acids, with a total molecular mass of 41–
43 kDa. The carbohydrate content accounts for ~45% ofSubmitted December 5, 2012, and accepted for publication May 6, 2013.
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0006-3495/13/06/2686/9 $2.00the molecular mass (4) and there are two disulfide bridges
between cystine residues at 5–147 and 72–164 (4). A1AT,
with a molecular mass of ~52 kDA, is the most abundant
glycoprotein in synovial fluid. A1AT is also present in blood
serum (150–350 mg/dL) and in the field of medicine is
considered the most prominent serpin (inhibiting proteases).
The peptide chain contains 394 amino acids attached to
three N-linked glycans and no disulfide bridges. The glycans
are mainly diantennary; however, some tri- and tetraanten-
nary glycans can also be present. Each antenna contains
one N-acetyl neuramic acid (sialic acid), i.e., a negative
charge above the isoelectric point of the glycoprotein
(5,14). The well-known molecular structures are consistent
with an adsorption of the peptide backbone on hydrophobic
surfaces, whereas the strongly hydrophilic glycan antennae
are located at the interface with the aqueous environment.
In this work, adsorption experiments provided both dry
and wet thicknesses of glycoproteins adsorbed on both
hydrophobic and hydrophilic surfaces, which allowed us
to determine the spatial range of water structure above the
glycoproteins from the surface-force measurements. The
structural influence extended a few tens of nanometers
from the water-glycan interface.MATERIALS AND METHODS
AGP, A1AT, and albumin were purchased from Sigma-Aldrich
(Switzerland; catalog no. G9885, A6150, and A0281, respectively),
PLL(12 kDa)-grafted(3.5)-dextran(5kDa) was obtained from SuSoS
(Du¨bendorf, Switzerland). The AGP had a purity of 99% and the albumin
had a purity of>99%. The quality of the antitrypsin is given by the activity,
which was the inhibition of 1.0 mg of trypsin with an activity of 10,000
Na-benzoyl-L-arginine ethyl ester (BAEE) units by 5–10 mg of A1AT.http://dx.doi.org/10.1016/j.bpj.2013.05.017
Water Structuring Induced By Glycans 2687Silanization
All chemicals were obtained from Sigma-Aldrich and used as purchased
unless otherwise stated. Before silanization, the mica surface was plasma
treated for 30 s at 40 W in an argon/water atmosphere (0.1 mbar), and dried
for 1 h under vacuum (0.02 mbar). The substrate was immersed in a solution
of 20 ml cis, trans-decahydronaphthalene (dried and distilled before use)
with two drops of carbon tetrachloride (dried and distilled) and two drops
of octadecyltrichlorosilane (ODTS) for 15 min, rinsed with cyclohexane,
and dried with N2. The substrates were returned to the same ODTS solution
and the procedure was repeated three times to give a total time in solution of
1 h. Finally, the surface was vacuum dried for 1 h. The contact angle of the
ODTS coating was 110 5 5. Quartz crystals were silanized in a similar
manner but without plasma treatment.Extended SFA
Surface-force isotherms (15–17) were obtained using an extended SFA
(eSFA), a modified version of the Mk 3 SFA (Surforce, Santa Barbara,
CA), with attachments to improve the accuracy, resolution, mechanical
drift, thermal stability, imaging, and essential automation of the instrument;
these modifications are described in detail in the literature (18,19). A spring
constant of 19215 88 N/m was used in this work. The transmitted inter-
ference spectrum consists of fringes of equal chromatic order that are
analyzed by fast-spectral-correlation interferometry (18) to evaluate the
gap distance and the refractive index simultaneously. The accuracy of the
distance measurements is typically530 pm.
We prepared thin mica sheets by manually cleaving ruby mica of optical
quality (grade 1; S&J Trading, New York, NY) in a class-100 laminar-flow
cabinet. We cut uniformly thick (2–5.5 mm) mica sheets of size 8 mm 
8 mm using surgical scissors to avoid possible contamination with nanopar-
ticles (20). A silver film of 40 nm thickness was thermally evaporated onto
mica sheets in vacuum (2$106 mbar). The silver-coated mica sheets were
glued onto cylindrical lenses with a resin glue (EPON 1004F). The samples
were then immediately inserted into the sealed eSFA, the fluid cell was
purged with dry nitrogen, and the mica thickness was determined by means
of thin-film interferometry in mica-mica contact. The mica surfaces were
then silanized as described above. Ex situ adsorption of the selected glyco-
proteins and proteins was performed in a sealed container by placing a
droplet of the solution (3 mg/mL of buffer) on the mica. Dithiothreitol
(DTT) at a concentration of 25 mL/mL was added to the glycoprotein solu-
tion in selected experiments. After adsorption, the surface was rinsed with
buffer and finally with water. As buffer (pH ¼ 7.4), 10 mmol/L of 4-(2-
hydroxyethyl)-1-piperazine-1-ethanesulfonic acid (Hepes) corrected to
pH 7.4 with NaOH was used.
The coated surface was placed back into the eSFA and the point of closest
approach (PCA) was readjusted with a precision of 51 mm in the lateral
direction. The eSFA was filled with ultrapure water (puriss. p.a., 0.2 mm
membrane filtered) to measure the normal surface forces at constant
approach and separation speeds of 0.5 nm/s and constant temperature
(295 5 0.1 K). Some experiments were performed in KNO3 solutions at
concentrations ranging from 1 mM to 100 mM to determine the influence
of electrostatic double-layer forces.
PLL(12kDa)-g(3.5)-dextran (5 kDa; see elsewhere (21,22) for details
regarding synthesis and characterization) was adsorbed onto two mica sur-
faces by ex situ adsorption from the buffered polymer solution (0.25 mg/mL
PLL-g-dextran) for 30 min at room temperature. The grafting density
achieved was 0.3 nm2. The surface forces between dextran brushes
adsorbed onto opposite surfaces upon compression have been described
elsewhere (23).Adsorption kinetics
We determined the kinetics of glycoprotein adsorption and surface
coverage using both a transmission interferometric adsorption sensor(TInAS) (24) and a quartz-crystal microbalance with dissipation
(QCM-D) on untreated surfaces (hydrophilic) and surfaces that had been
silanized with ODTS. For the TInAS experiments, both SiO2 and mica sur-
faces were selected to show the negligible influence of the substrate on
adsorption, since the force measurements were only carried out on mica,
whereas QCM-D adsorption experiments were performed only on the
quartz crystals.
The working principle of the TInAS is based on the interference pattern
that arises from reflections at the boundaries of a transparent dielectric sub-
strate when white light is transmitted through the substrate. The wavelength
positions of these interference peaks can be used to monitor the total optical
phase increment in the thin-film interferometer upon adsorption of mole-
cules on the surface (24). The TInAS sensor chip, a 5- to 8-mm-thick
disk with radius 1.4 cm, consisted of a 25 nm Al mirror and a SiO2 layer
(uniform thickness of 2.5–3.0 mm) or, alternatively, a 40 nm Ag mirror
and a mica layer. To achieve a hydrophobic surface, the surface was silan-
ized with ODTS as described above. The glycoprotein adsorption on both
untreated and silanized surfaces was recorded with time. The setup con-
sisted of a flow cell connected to a syringe pump for efficient fluid ex-
change. The injection of the solutions occurred under continuous flow at
a rate of 20 mL/min. The sensor chip area that was in contact with the
solution was ~34.5 mm2. During exchange of the different solutions, the
flow rate was temporarily raised to 500 mL/min for ~30 s to avoid intermix-
ing of the different solutions by diffusion within the flow cell. Buffer was
injected and the spacer thickness (mica or silica) was measured as the stable
baseline was achieved (drift < 3 pm/min). The glycoprotein solution was
injected (0.5 mg/mL) and the kinetics of adsorption recorded. Then the
sensor was rinsed with buffer to eliminate any weakly adsorbed glycopro-
teins. The surface density of the adsorbed molecules (designated as dry
mass Mdry) was obtained as the equilibrium became established. The dry
thickness of the adlayer Ddry was calculated according to (25):
Mdry ¼ nadl  nbuf
dn=dc
Ddry (1)
with dn/dc ¼ 0.00182 nm $ cm2/ng, refractive index of the buffer solution
nbuf¼ 1.33, and a refractive index of the adlayer nadl that was assumed to be
1.45. Although a wrong estimation of the refractive index leads to a
different dry thickness Ddry, the errors in Ddry and nadl compensate for
each other, such that the dry mass is independent of the assumed refractive
index (26). A glycoprotein concentration of 0.5 mg/ml in the buffer was
used for all experiments.
The QCM-D technique was also used to study both adsorption kinetics
and film thickness (27). The QCM detects a mass per unit area by
measuring the change in the resonance frequency of a single quartz crystal
(f-shift). The resonance is disturbed by addition or removal of a small mass
at the surface of the resonator. The f-shift of the QCM corresponds to
the total coupled mass; therefore, it is sensitive to water associated with
the adsorbed molecules, and gives the wet mass and wet thickness of the
adlayer, in contrast to TInAS. QCM-D simultaneously measures changes
in the energy dissipation, providing more insights into adlayer properties,
such as shear modulus. A mass increase of the quartz crystal per unit
area, Dm, caused by adsorption of molecules and associated water (desig-
nated wet mass), induces a decrease in resonant frequency (Df), which is
proportional to Dm, according to the Sauerbrey equation:
Dm ¼ C
n
Df (2)
where C (¼17.7 ng$cm2$Hz1 at f ¼ 5 MHz) is the mass-sensitivity con-
stant and n (¼1, 3,.) is the overtone number.
The Voigt model (28) can be used to determine the thickness of the
adlayer when damping or dissipation effects are relevant. In our experi-
ments, the dissipation was in the range of the resolution of the instrument
for unreduced AGP and A1AT (z 1.5 5 0.5) and therefore was too
low to allow the Voigt model to be fitted accurately (28,29). A lowBiophysical Journal 104(12) 2686–2694
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can be used to estimate the adsorbed mass (30), and the wet thickness of the
adlayer can be roughly estimated from Dm/radl by assuming a homoge-
neous adlayer with the adlayer density radl given by (31):
radl ¼
DmMdry
Dm
rsolv þ
Mdry
Dm
rGP (3)
where rGP is the density of the glycoprotein (~1.42 g/cm
3) (32) and rsolv isthe density of the buffer.
For the reduced form of AGP, larger dissipation values were measured
(z 45 0.5) and the Voigt model led to better fits.
The crystals were cleaned before each adsorption measurement in a UV/
ozone chamber for 30 min. The measurements were carried out in cells
designed to provide a rapid exchange of the liquid over one side of the
QCM-D sensor. To obtain a hydrophobic surface, the side of the sensor fac-
ing the liquid was silanized with ODTS as described above. The measure-
ments occurred under continuous flow at a flow rate of 20 mL/min. During
exchange of the different solutions, the flow rate was temporarily raised to
500 mL/min for ~30 s to avoid intermixing of the different solutions by
diffusion within the flow cell. The QCM-D chamber was thermally stabi-
lized to 295 5 0.1 K. In each experiment, we first measured the baseline
for the buffer. We then injected the glycoprotein solution (1 mg/ml) and
recorded frequency and dissipation changes as equilibrium was achieved.
Afterward, the cell was rinsed with buffer until a steady measurement
was reestablished to remove any weakly adsorbed glycoprotein.RESULTS
Fig. 1 a shows the surface force normalized by the radius of
curvature (F/R; the normalized force by the radius of curva-
ture F/R is conventionally denoted as surface force) between
bare mica and AGP adsorbed on ODTS-mica as a function of
the distance (D) between the surfaces in water (pH ¼ 5.7),
measured with the eSFA. The thickness of the ODTS mono-
layer was 2.7 nm5 0.3 nm, as obtained from interferometric
measurement with the eSFA and confirmed by a scratch test
of the silane monolayer with the atomic force microscope
(see Supporting Material). Two consecutive force-distance
measurements were selected. During approach, the onset
of the long-range repulsion occurred at D z 85 nm. After
compression at a maximum force ofz120 mN/m, the min-Biophysical Journal 104(12) 2686–2694imum thickness of the compressed AGP monolayer was
2.6 nm. No adhesion was measured upon separation.
In five experiments with different pairs of mica surfaces,
the difference between the surface forces during the first and
second approaches was characteristic and reproducible, and
there was no further change upon up to seven successive ap-
proaches. This change was irreversible on the timescale of
the experiment. Measured force-distance curves between
bare mica and AGP on mica are depicted in Fig. 1 b and
show trends similar to those described for the hydrophobic
substrate, but with a larger initial onset of the repulsion.
To determine the electrostatic double-layer (EDL) forces
between the AGP and bare mica, we performed measure-
ments in potassium nitrate (KNO3) solution (pH ¼ 5.7,
1 mmol/L, 10 mmol/L, and 100 mmol/L; Fig. 2). EDL
forces were detected in water and 1 mmol/L KNO3 solution,
but were completely screened at 100 mmol/L KNO3. In
1 mmol/L KNO3 solution, the surface potential jAGP at in-
finite separation ranged from 168 to 183 mV for surface
charge densities between 0.3 and 0.4 nm2, the maximum
charge density on AGP. The surface potential of the mica
was determined as described by Valle-Delgado et al. (33)
for all experiments, leading to j0z 75 mV for 1 mmol/L
and j0z142 mV in pure water, assuming that the surface
charge remained constant during approach. Details about
the calculations can be found in the Supporting Material.
After subtracting the contribution of the EDL force, we
observed that the onset of repulsion occurred at D z
40 nm 5 2 nm from the mica surface.
We detected several film-thickness transitions of size 0.7–
1.8 nm superposed on the repulsion, which took place at
different distances in successive approaches, indicative of
molecular layering. Numerical artifacts resulting from the
algorithm used to determine the refractive index and the sur-
face separation D by fast spectral correlation (18) could be
excluded.
The peptide of AGP is severely constrained by disulfide
bridges, which could be severed by the addition of theFIGURE 1 (a and b) Normal surface forces
measured between bare mica and AGP adsorbed
on (a) the ODTS-mica and (b) bare mica. Symbols
represent the first approach (solid circles), first
separation (open circles), second approach (solid
triangles), and second separation (open crossed
squares). The inset shows some of the measured
jumps or film-thickness transitions characteristic
of water structuring in the vicinity of the surface.
The thickness of these transitions ranges from
z0.7 to 1.8 nm.
FIGURE 2 Normal surface forces measured between bare mica and AGP
adsorbed on the ODTS-mica in water (solid circles), 1 mmol/L KNO3
solution (solid squares), and 100 mmol/L KNO3 solution (solid triangles).
The linear part of the surface force (logarithmic Y axis) at large distance
corresponds to the contribution of the electrostatic double-layer force.
The black lines show the calculated EDL in water and 1 mmol/L KNO3
solution (see Supporting Material).
Water Structuring Induced By Glycans 2689reducing agent DTT to the AGP solution. Fig. 3 shows that
the repulsion significantly decreased for reduced AGP on
ODTS-mica in comparison with the untreated AGP.
Upon separation, a small pull-off force of z1.3 mN/m
(Fig. 3 b) was measured and the surfaces jumped out of con-
tact at D z 10.8 nm, resulting from the adhesion between
reduced AGP and the opposite mica surface, which was
absent in all experiments performed with unreduced AGP.
Long-range repulsion and film-thickness transitions were
also measured for A1AT adsorbed on both bare (Fig. 4) and
ODTS-coated mica. After we subtract the influence of the
EDL forces, considering a surface charge density for theadsorbed A1AT between 0.1 and 0.2 nm2 for bi- or trian-
tennary glycans, respectively, and the obtained surface
potential for the bare mica j0 ¼ 169–155 5 30 mV (see
Supporting Material for details), the onset of the repulsion
is Dz 225 2 nm. For the sake of comparison, the surface
force measured between bare mica and albumin adsorbed on
mica in water is depicted in the same diagram. An attractive
force between albumin and mica (jump-in at Dz 8 nm, not
shown) occurred, most probably due to electrostatic attrac-
tion between the negatively charged bare mica and the posi-
tively charged residues of albumin, followed by a hard-wall
repulsion upon compression of the protein (D < 45 1 nm),
which is in agreement with data from the literature (34) and
shows its profoundly different behavior with respect to the
studied glycoproteins.
To show that the measured long-range repulsion does not
result from osmotic repulsion upon compression of the
adsorbed glycoproteins, as seen with polymer brushes
(35,36), we accurately determined the thicknesses of the
adsorbed AGP and A1AT layers. The adsorbed dry masses
(Eq. 1) on bare and ODTS mica surfaces were not signifi-
cantly different, averaging 138 5 18 ng/cm2 for AGP and
188 5 30 ng/cm2 for A1AT. Similar results were obtained
for the adsorbed dry masses on ODTS-silica (157.4 5
2.3 ng/cm2 and 145 5 15 ng/cm2 for the dry mass of
AGP on ODTS-silica and mica, respectively, and 199.4 5
14.5 ng/cm2 and 168 5 5 ng/cm2 for A1AT). The slightly
smaller adsorbed mass on mica was demonstrated by atomic
force microscopy (AFM) imaging to result from a lower
ODTS surface coverage on mica (see Supporting Material).
The adsorbed masses are in good agreement with the values
obtained by Roba et al. (37) using optical waveguide light-
mode spectroscopy.
Wet masses were determined by QCM-D according to
Eq. 2. The dry masses obtained by TInAS on ODTS-silica
were subtracted from the wet masses to determine the
mass of the associated water (see Tables 1 and 2). The dissi-
pation was too low to allow more than two overtones to beFIGURE 3 (a) Force-distance curves during the
first and second approaches at constant speed
(0.5 nm/s) between bare mica and reduced AGP
on ODTS-mica (solid circles) and untreated AGP
(triangles and diamonds) in water, as well as
between opposed dextran brushes in Hepes
(5 kDa; solid squares) adsorbed on mica with a
grafting density of 0.3 nm2. The black line gives
the estimated EDL forces assuming that the
reduced AGP has the same surface charge as
AGP, which is a rough approximation. (b) Force-
distance curves during approach (solid circles)
and separation (solid triangles and diamonds)
between bare mica and reduced AGP. The pull-
off force upon retraction is z1.3 5 0.1 mN/m
(arrow indicates the jump out of contact).
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FIGURE 4 Normal surface forces measured between bare mica and
adsorbed A1AT on mica (solid squares, circles, and diamonds) in 1 mM
KNO3 solution and between bare mica and albumin in water (half-solid
squares). The inset shows the jump-in between albumin and bare mica
during approach.
TABLE 2 Associated water and wet mass of the adlayer of
A1AT as obtained by combining QCM and TInAS experiments
Frequency
overtone Associated water (ng/cm2)
Wet mass of adlayer,
Dm (ng/cm2)
5 567.75 38.0 767.05 38.0
7 575.55 15.1 774.95 15.1
9 519.95 67.1 719.35 32.3
11 531.55 32.3 730.95 32.3
The values were obtained by averaging the data of the four sensors used in
the QCM and the two sensors used in TInAS.
2690 Espinosa-Marzal et al.fitted with the Voigt model, and different overtones had to be
used in each experiment to achieve satisfactory fits. This
suggests that the Voigt model is not applicable due to the
high rigidity of the adsorbed layers, and the wet thicknesses
are better estimated by Dm/radl. According to the latter, the
obtained wet thickness of the adsorbed A1AT was ~7 nm
and ~3.8 5 0.3 nm for the adsorbed AGP, whereas
~11.95 1.5 nm and ~4.350.3 nm, respectively, were ob-
tained by applying the Voigt model for overtones 5–11. A
height of 5.25 5 0.3 nm for AGP in an umbrella-like
conformation was reported by Montreuil (14). Hence,
upon adsorption, the glycan antennae were not extending
up, but rather were covering the peptide backbone and
rendering the liquid-glycoprotein interface hydrophilic.
Local aggregation or multilayer adsorption, if it exists,
would be averaged out in TInAS and QCM experiments
but would substantially affect SFAmeasurements. As shown
in previous studies (38,39), under nonreducing conditions
the onset temperature for AGP aggregation is 60C at pH
5.5, whereas under reducing conditions the onset tempera-
ture for aggregation is 45C. Similar results are obtainedTABLE 1 Associated water and wet mass of the adlayer of
AGP as obtained by combining QCM and TInAS experiments
Frequency
overtone Associated water (ng/cm2)
Wet mass of adlayer,
Dm (ng/cm2)
5 237.05 37.5 394.0755 37.5
7 221.55 37.4 378.5755 37.4
9 2385 31.4 395.1255 31.4
The values were obtained by averaging the data of the four sensors used in
the QCM and the two sensors used in TInAS.
Biophysical Journal 104(12) 2686–2694at pH 7.4, as in our experiments. Thus, infrared spectros-
copy demonstrated that agglomeration of the unreduced
and reduced forms of AGP does not take place at 22C,
the temperature of our measurements, and transmission
electron microscopy and molecular-dynamics simulations
confirmed these results. Therefore, it can be concluded
that the adsorbed glycoproteins formed a monolayer on
the surface with a large amount of associated water, as
measured by QCM-D, contained within the adlayer, i.e., it
is not part of the vicinal water.
The resulting mass of reduced AGP that adsorbed onto
the ODTS-mica (290 5 10 ng/cm2) was much higher than
for the intact form and too high to accommodate the config-
uration with exposed glycans that is found for the unreduced
AGP (Fig. 5 a). The reduced AGP does not aggregate at
neutral pH and ambient temperature, and therefore this
cannot explain the increased adsorbed mass. Addition of
DTT to the AGP solution breaks both disulfide bridges,
rendering the peptide significantly more flexible (40) and
able to optimize its adsorption configuration. The QCM
experiments show an increase in the amount of water asso-
ciated with the reduced AGP, as well as an increase in the
dissipation and thickness of the adlayer. Values ranging
from 6.15 0.8 to 7 nm were obtained from Dm/radl depend-
ing on the overtone, whereas a thickness of ~12.35 3.5 nm
was obtained by applying the Voigt model, which seems a
more appropriate model for the reduced form of AGP.
Thus, the adlayer thickness increases upon reduction, inde-
pendently of the applied model, but the repulsion onset
occurs at a smaller distance (Fig. 3 a), indicating that the
glycoprotein conformation has a significant influence on
the surface forces. Addition of DTT to the solution of
A1AT had no effect on the adsorbed mass (z198.5 ng/
cm2), in agreement with the absence of the disulfide bridge.DISCUSSION
Glycan is hydrophilic and will be strongly hydrated (i.e.,
surrounded by water), and therefore the glycan antennae
cannot directly interact and adsorb on a hydrophobic sur-
face. Positively charged groups of the peptide backbone
(e.g., lysine) can electrostatically interact with negatively
charged surfaces (silica and mica), leading to adsorption
on a hydrophilic surface, whereas the negatively charged
FIGURE 5 (a and b) Schematic conformation of
adsorbed AGP in the absence (a) and presence (b)
of DTT. The two disulfide bridges in the native
conformation hinder unfolding of the peptide
chain. DTT breaks these disulfide bridges,
increasing the peptide flexibility. The increased
adsorbed mass of reduced AGP does not allow
the conformation of the glycans shown in panel a.
Water Structuring Induced By Glycans 2691sialic acids in the glycan antennae will cause a repulsion
between the glycan antennae and the hydrophilic and
negatively charged surfaces. Thus, on both surfaces (hydro-
phobic and hydrophilic negatively charged), only adsorption
through surface-backbone interactions is possible, which
explains the reported configuration of adsorbed AGP (41).
There are small differences in the adsorbed mass depending
on the hydrophobicity of the surface, and also small differ-
ences between the measured surface forces. This suggests
that the orientation of the adsorbed molecules can differ
depending on the surface-backbone interactions. These dif-
ferences are difficult to assess, but they are not relevant for
the conclusions of this work.
The absence of agglomeration at the temperature and pH
of our experiments supports the notion that the glycoproteins
adsorb as monolayers onto the surface. Moreover, adsorp-
tion measurements of AGP and partially deglycosylated
AGP have shown that the space occupied by the glycan
antennae determines the surface coverage or adsorbed
mass of the glycoprotein (see Supporting Material): if
AGP is deglycosylated, the spatial limitation of the glycans
disappears, leading to an increase in the adsorbed mass.
Moreover, small-angle neutron and x-ray scattering studies
have shown that AGP adsorbs onto surfaces with the glycans
in the native conformation, that is, with the glycan covering a
large part of the peptide backbone (41). These results, along
with the measured adlayer thicknesses with QCM-D, indi-
cate that the most probable conformation corresponds to a
structure in which the peptide backbones of both A1AT
and AGP are attached to the surface, whereas the highly hy-
drated glycan moieties are exposed to the aqueous solution
and extended parallel to the substrate, as shown in Fig. 5
a. Our previous tribological and adsorption studies of AGP
and A1AT were in agreement with this conformation (37).The measured structural forces in the range of interest are
large—up to z100 mN/m before the AGP adlayer is
compressed. It should be noted that structural (hydration)
forces between mica surfaces in electrolyte solution up to
200 mN/m have previously been measured (42) with an
eSFA (see Supporting Material). Both force values are over-
estimated, though, owing to the flatness of the contact
between the surfaces upon the applied pressure, which leads
to an effective increase of the radius R that is neglected in
the calculation of the F/R value, i.e., R is assumed to remain
constant.
Nevertheless, above 10 mN/m there is a nonnegligible
mica deformation, which is not considered here and affects
the accuracy of the gap-distance measurements. However,
~75% of the mica deformation is compensated for by the
change of its refractive index (photoelastic effect). We esti-
mated that at the maximum pressure of 80 MPa (which is
3.3 times larger than the maximum pressure applied in our
experiments, 24 MPa, corresponding to 120 mN/m), the
maximum error in the optical zero would be 51.2 nm. At
the smaller stress of our experiments, the error in the
distance measurement is expected to be smaller than
50.5 nm. The roughness of the adlayer (see Supporting
Material) also reduces the accuracy of measured surface
separation by as much as 51 nm. As demonstrated below,
the onset of the repulsive structural force occurs at notably
larger separations than the measurement accuracy.
After subtraction of the EDL forces, the repulsion
measured between the adsorbed glycoproteins and a bare
mica surface with the eSFA begins at a surface separation
much larger than the height of the adsorbed monolayer.
Therefore, the long-range repulsive forces cannot be as-
signed to a steric repulsion upon glycoprotein compression.
For AGP, the onset of repulsion occurred at z33 5 2 nmBiophysical Journal 104(12) 2686–2694
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(D, measured) minus the ODTS thickness of 2.7 nm 5
0.3 nm and the AGP height of 3.8 5 0.3 nm. For A1AT,
the onset of repulsion occurred at z15 5 2 nm from
the glycan interface, estimated from 22 nm 5 2 nm
(D, measured)  7 5 0.2 nm (A1AT height).
The onset of the repulsion for the reduced AGP occurred
at z8 5 3.5 nm from the glycoprotein-liquid interface
estimated after subtracting the EDL forces from
23 nm 5 2nm (D, measured)  2.7 nm 5 0.3 nm
(ODTS thickness, measured)  z12.3 5 3.5 nm (height
of reduced AGP according to the Voigt model, which is
more appropriate for the reduced AGP), in comparison
with 33 5 2 nm for the unreduced AGP. We calculate
the repulsive EDL forces by assuming the same surface
charge as for AGP in its open conformation, which is a
rough estimation. Although the backbone is (partially)
unfolded, some of the glycan antennae can still be placed
at the adlayer-water interface to optimize the interaction
with water, which leads to an effective decrease of glyco-
sylation at the interface compared with the unreduced
AGP. Thus, the change of conformation of AGP upon
reduction leads to a significant decrease of the measured
repulsion onset.
In comparison, the onset of repulsion between dextran
brushes (23), which consist of chains of sugar rings nomi-
nally arranged normal to the anchoring surface, occurred at
z24 5 2 nm due to the osmotic repulsion upon compres-
sion of the dextran brushes (36), indicating that there was
no long-range repulsion above the dextran brush-water
interface (Fig. 3 a). The surface density of carbohydrates
in dextran is ~288 ng/cm2, whereas it is ~290  45% ng/
cm2 for the reduced AGP and only ~138  45% ng/cm2
for AGP, with 45% being the carbohydrate content of
AGP. Thus, it is not the amount of carbohydrate that is
responsible for long-range repulsions. The proposed
conformation of the reduced form of AGP is schematically
represented in Fig. 5 b. It considers that the backbone
opens as the disulfide bridges are broken, whereas the gly-
cans are distributed along the backbone at determined
positions and are highly hydrated and cannot adsorb on
the surface. Although no local multilayer-adsorption and/
or agglomeration was likely under the conditions of our ex-
periments, a higher adsorbed mass per area than observed
for the unreduced AGP was measured. To accommodate
this higher amount of glycoprotein in a monolayer, it is
reasonable to expect that the open peptide backbones will
be distributed vertically.
Moreover, the qualitatively similar behavior of the sur-
face forces for the reduced form of AGP and dextran brushes
further supports the proposal that the AGP peptide backbone
becomes unfolded upon disulfide-bridge reduction, forming
a conformation schematically represented in Fig. 5 b, in
contrast to the conformation of the adsorbed unreduced
AGP (Fig. 5 a).Biophysical Journal 104(12) 2686–2694The fact that both AGP and A1AT when adsorbed onto
surfaces lead to strong, long-range forces indicates that
this effect is not restricted to a single glycoprotein, and
instead reflects the influence of the glycan moiety. The
smaller repulsion onset seen for A1AT can be attributed to
the lower density of carbohydrate antennae at the surface.
A1AT contains mostly diantennary glycans, whereas those
of AGP are mostly tri- and tetraantennary. Presenting a
different orientation of the carbohydrate at the surface,
either by reducing the AGP with DTT or by adsorbing
PLL-dextran, resulted in the reduction or disappearance of
the stronger forces, and thus it can be concluded that the
orientation of the glycan is the determining factor. It can
be envisioned that the behavior of a biomolecule moving
into the vicinal water above the glycans will be influenced
by the interactions between the hydration layer of the
biomolecule and the structured water. However, these exper-
iments in no way demonstrate that there is an exclusion zone
far from the glycans or that this ordering of water can serve
as a partition.
At the maximal applied load, the thickness of AGP
decreased from z3.8 nm to 2.6 nm, which corresponds to
a contact radius of 6.92 mm between the monolayer and
the cylindrical mica substrate (R ¼ 20 mm) and leads to a
maximum Hertzian stress of z24 MPa. This high pressure
could lead to glycoprotein rearrangement and to the
observed hysteresis between the surface forces during the
first and second approaches; however, no accurate analysis
can be performed.
Superposed on the repulsive curve, transitions ranging
from 0.7 to 1.8 nm were measured up to surface separations
of ~30 nm. The phenomenon of molecular layering is a
well-known hard-sphere correlation effect that leads to an
oscillatory surface potential of periodicity close to that of
the size of the underlying molecule (43). It can be resolved
by SFA for nearly monodisperse size distributions as a series
of film-thickness transitions during the approach of two
atomically flat mica surfaces, and was used previously to
demonstrate water structure (43). Molecular layering
between mica and a soft, rough surface, as is the case
here, can also occur. Because thermal fluctuation forces
(i.e., repulsive forces of entropic nature acting at soft and
fluid-like surfaces) are short-range (z2 nm from the inter-
face), they cannot affect the transitions shown in Fig. 1
(44). Although random roughness affects and smears out
ordering in the liquid phase (44,45), film-thickness transi-
tions can still be measured in the case of regular or periodic
roughness if the structures are larger than the characteristic
roughness size (46), as expected for a self-assembled mono-
layer at full surface coverage, for example. The roughness
(RMS) of the AGP-adlayer in water is z1 5 0.1 nm over
an area 10 mm  10 mm, according to AFM (see Supporting
Material).
Thus, we attribute the measured repulsion to water struc-
ture in the vicinity of the glycoprotein-solvent interface.
Water Structuring Induced By Glycans 2693Fig. 1, a and b, show that the thickness of these structures
was three to seven times larger than the diameter of a water
molecule and happened at random forces and surface sepa-
rations. This indicates that the detected water structures
were not monodisperse and behaved as soft spheres, as
also found for hydrated ions compressed between mica sur-
faces (42), which may explain why more transitions were
not detected. The adlayer roughness and its soft character
may be responsible for smearing out smaller structures
closer to the interface. The physical origin for the long-
range water ordering cannot be extracted from our measure-
ments, but a possible explanation is given below.
Water is of central importance in determining the
behavior of individual biomolecules and the interrelation
of groups of molecules. Robinson’s two-state water model
(47,48) explains all of the anomalies observed in bulk
water by considering that it consists of microdomains of
high- and low-density polymorphs. Average properties, as
measured by NMR, are similar, but local properties on
the nanometer scale may differ widely (49), with solutes
and surfaces partitioning asymmetrically between high-
(HDW) and low-density water (LDW), generating osmotic
pressure gradients.
Water structure can be enhanced by the action of sub-
stances known as kosmotropes (50), which partition prefer-
entially into HDW, displacing the water equilibrium toward
LDW (49,51). To compensate for osmotic-pressure gradi-
ents, water redistributes itself; in the presence of a kosmo-
tropic surface, water movement is hindered, inducing
LDW regions. This theory also involves the presence of
water clustering within an aqueous environment (52). Under
ambient conditions, these clusters are small, but the low-
density clusters can extend to form larger noncrystalline
clusters based on dodecahedral water cores constructed of
tetrahedrally H-bonded molecules. The structuring of
water depends on the surface and its mobility. For large static
surfaces, as obtained for the adsorbed AGP, clusters of seven
to eight shells of water are possible. Although the clustering
involves a major drop in entropy, this is compensated for by a
more-negative enthalpy, due to the stronger bonding of the
fully tetrahedral H-bonded structure. Seven water shells
correspond to a size of 1.8 nm, which is the size of the
maximum thickness of the measured film transitions (52).
Thus, the strong repulsion measured for the glycoproteins
may have resulted from a kosmotropic effect of the glycan
surface induced on the vicinal water. This indicates that
the water structure is propagated over tens of nanometers
and hence the resulting repulsion upon compression is
entropic in nature. The film-thickness transitions indicate
the existence of water clusters or ordering up to z33 5
2 nm away from the glycan interface depending on the
glycosylation degree. This long-range structuring effect
was reduced as the glycan antennae or sugar monomers
were distributed randomly along the unfolded peptide back-
bone or in dextran brushes (Fig. 5 b).Although direct, specific interactions between glycans
and other biomolecules are essential for their functionality,
these results indicate that the glycans’ long-range influence
on water may also influence their ability to interact with bio-
molecules in their vicinity. This is consistent with Parhi
et al.’s (3) proposal that the structuring of water controls
the adsorption of cells onto biomaterials. Our results indi-
cate that the glycans in the cell membrane may play a deci-
sive role in the ordering of water, which could influence the
behavior of biomolecules that move into this vicinal water,
via interactions with their hydration layers.CONCLUSIONS
Our surface-force measurements reveal that the orientation
of the glycans with respect to the surface has a profound
effect on the structure of vicinal water. As demonstrated
for AGP and antitrypsin, the glycan antennae impose a
long-range order on the water when parallel to the surface,
resulting in a repulsive force measured between mica and
the surface-adsorbed glycoprotein. When the glycan orien-
tation is modified through the reducing agent DTT, this
long-range repulsion disappears. The induced long-range
structuring of water may be the key to explain the interac-
tion between glycoproteins and biomolecules in their
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